
B I D ~ I C A  E T  B I O P H Y S I C A  ACTA 3 1 3  

~ I ~ O N  O F  I R O N  B Y  S U G A R S  

i ~ ' ~ J J l t ~ '  ~ .  t (HR~KE?k~ ,  B I B U D H E N D R A  S A R K A R ,  C L Y D E  F.  S T I T T  

AND P A U L  S A L T M A N *  

l)eq~artmon:, ot t~Itwditrrnistr3. ', .School of  zVledicine, Universi ty  o f  Southern California,  
Los Angeles, Calif. {U.S .A. )  

( R e c e i v e d  J u l y  2 3 r d ,  ~962) 

S U M M A R Y  

Reducing ~ u g a ~  amid t]o L~ol~ are shown to form soluble stable complexes with a 
series of ~n~ttdl iiem~ art alRaline pH. Several properties of an i ron- f ruc tose  complex 
have been ~ tn i i~ . l l I i e .  s i ~ i f i c  conditions of pH and concentrations of iron and fruc- 
tose necessm~ - fft~r ~ternl~ii~-~ formation are described. Exddence for the  existence of 
the corrrplexiis( -~)iim~dhititity, a t  alkaline pH,  (b) its characteristic spectral  properties, 
(c) t i t r~t ion:a~n~tb~xrrmamn~ments,  and (d) the direct isolation o~ the  water-soluble 
complex. 

F e r f i c ~ t ~ e  oam 5 e  isolated and purified by  precipitation from an aqueous 
solution ~.Wi~ ~ i m m l l  o~ oilier organic solvents. Elemental analysis indicates the 
complex :at ~ qOc~ ii~ f f a ~  with 2 Fe:  2 fructose: x Na. Ferric-fructose is a low- 
molecular~w6iLatt ~ r r n ~  und~ which rapidly dialyses through a Visking sac. I t  is 
isoionic :at ~ 4~.ffr-44.T.. ~[htal:-sugar complexes may  play an impor tan t  biological 
role in ~he ~ m t t  off tfiw mineral  elements across cell membranes.  

I N T R O D U C T I O N  

One ot ~ ~ aspects of the control and regulation of the  metabolism of 
trace i o n s ~ i s ~ l ~ ~ ~ n a t a t r e  of this process 1. Whereas the t ranspor t  of bulk  cations, 
such as [K~,-~Kax+..(F_ai~..andllSfga+ seems directly coupled to metabolic energy and accu- 
m u l a t i o n ~ $ s i t ~ x , ~  tlmnsport, the trace metal  ions, including Fe s+, Cu z+. and Mn 2+ 
are n..,:_ m e ~ _ k - v ~ ~ y  linked to respiratory energy 2. Recently we have shown 
tha t  ~ h e ~ m t t o f f i i n o m i n t o  l iver  cells from the ill-globulin, t ransferrin, is  facilitated 
by  l o w - a m ~ t t  daelates of the iron a. The kinetics of this  t ransport  are 
regulated ~ tghe ~ltmilldimu~ binding of the iro~ ::, the variotts low- and high-mole- 
c u l a r - w @  ~ a~ailh~li~ ~ in~ the system, in  the search for sequestering agents of 
iron Whi6h ~ n n t k t l l i m ~  ~a~ the elucidation of the role of chelates in the  t ransport  
of t race  n ~ m ~ ,  w~e I t m ~  discovered tha t  fructose and other  sugars, under  specfic 
c i r - - ,  ~arn ~rnrn ~ i y  stable complexes with metal  ions. T l ~ e  chelates have 
unique ~ t t ~ ~  wtiich make  them part icularly interesting for their  role 
in bi01agirail a ~ m n m .  

* S e n i o r  t ~ t ~ m n t t l  i~__!_tr~ ot~ t h e  N a t i o i t a l  I n s t i t u t e s  o f  H e a l t h .  
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S u g a r  complexes  h a v e  been. p rev ious ly  repor ted .  H o w e v e r  these  h a v e  been  e i the r  
insoiuble  or  s l igh t ly  soluble  4-~, or  h igh-molecu la r -we igh t  colloidal  p r e p a r a t i o n s  v-9. 
Soluble  ca lc ium complexes  w i t h  s a c c h a r a t e  or  l evu la t e  h a v e  been  used  in the  purifi- 
ca t ion  of suga r  cane  juice a n d  f ructose ,  respec t ive ly  ~°. R e c e n t l y  MILLS u has  dem-  
o n s t r a t e d  t h e  f o r m a t i o n  of soluble  ca lc ium complexes  w i t h  a v a r i e t y  of po!yols.  

M E T H O D S  A N D  R E S U L T S  

T h e  p r e p a r a t i o n  of i r o n - s u g a r  che la tes  in th i s  research  was  ca r r ied  o u t  as follows:: 
1 : ? . . / "  so lu t ions  of r e a g e n t - g r a d e  -~.~1 a, tr~txrr~ , ~ ~ " ~ 3 J n ,  FeClz, a n d  FeSO~ were  p r e p a r e d  wi th  

dis t i l led  wa te r .  W h e r e  a s t a n d a r d  i ron p r e p a r a t i o n  was  r equ i r ed  to  p r o v i d e  c o m p a r a -  
t i ve  d a t a  ove r  a pe r iod  of severa l  days ,  p r ec ip i t a t i on  of t h e  h y d r o x i d e  was  p r e v e n t e d  
b y  t h e  add i t i on  of c o n c e n t r a t e d  H N O  z to  b r ing  t h e  p H  below x. S u g a r  so lu t ions  o f  
t h e  des i red  m o l a r i t y  were  p r e p a r e d  in dis t i l led wate r .  Since some of t h e  sugars  h a v e  
app rec i ab l e  n e g a t i v e  h e a t s  of so lu t ion ,  t h e  m i x t u r e  was  p e r m i t t e d  to  reach  r o o m  
t e m p e r a t u r e  before  use. T h e  s u g a r  a n d  iron so lu t ions  were  t h e n  m i x e d  a n d  t h e  p H  
a d j u s t e d  to  the  des i red  va lue  w i t h  I N or  6 N N a O H .  

Spectral evidenc¢ for chelate formation 
T h e  color  of  d i lu t e  Fe(NOa)  a so lu t ion  is n o r m a l l y  a pale  yel low a t  ac id  p H .  U p o n  

t h e  a d d i t i o n  of excess  sugar ,  t h e  color  d a r k e n s  cons iderab ly ,  w i th  a s l ight  decrease  
in  p H .  Such  a c h a n g e  in  spec t r a l  p rope r t i e s  h a s  been  used  to  es tab l i sh  the  presence  
of a che la t e  1~. I t  was  d i scove red  t h a t  e q u i m o l a r  p r o p o r t i o n s  of i ron  to  m o n o s a c c h a r i d e  
were  c o m p l e t e l y  inef fec tua l  in  p r e v e n t i n g  h y d r o x i d e  p rec ip i t a t i on  u n d e r  a lka l ine  
condi t ions ,  a l t h o u g h  the  spec t ra l  c h a n g e  w a s  a p p a r e n t .  

T h e  color  of t h e  f e r r i c - f ruc tose  complexes  is d a r k  yel low u n d e r  acid condi t ions ,  red-  
b r o w n  u n d e r  a lka l ine  condi t ions .  T h e  h y d r o x y l a t e d  ferric ion abso rp t i on  is ve ry  s t r o n g  
in t h e  lower  w a v e l e n g t h s  so t h a t  t h e  presence  of t he  d a r k e r  complex ,  which  is appaxelr t  
v i sua l ly ,  c a n n o t  easi ly be d e m o n s t r a t e d  w i t h  t h e  s p e c t r o p h o t o m e t e r .  The  spectraJ  
p r o p e r t i e s  of th i s  f e r r i c - f ruc tose  che la t e  can be  o b s e r v e d  b y  m e a s u r i n g  t h e  difference 
s p e c t r u m  b e t w e e n  a xo -~ M Fe(NO3) a so lu t ion  a t  p H  2.5 a n d  the  s ame  c o n c e n t r a t i o n  of 
Fe(NOa)  a in t h e  p resence  of a x6-fold m o l a r  excess of f ruc tose  a t  t h e  s ame  p H  (Fig. I) .  
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F i g .  ~. D i f f e r e n c e  s p e c t r u m  o f  f e r r i c - f r u c t o s e  c o m p a r e d  t o  f e r r i c  ion .  Al l  s o l u t i o n s  w e r e  a d j u s t e d  
t o  p H  2 .5 .  
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T h e  i n c r e a s e d  a b s o r p t i o n  of  t h i s  c o m p l e x  a t  37 ° m p  is c l e a r l y  d e m o n s t r a b l e ,  d e s p i t e  
t h e  close s i m i l a r i t y  of  the. s p e c t r a  for  the ,  i n d i v i d u a l  so lu t i ons .  

Titrimetric and potentiomett'ic evidence for complex formation 

T h e  d i s p l a c e m e n t  of o n e  o r  m o r e  h y d r o g e n  ions  f r o m  t h e  s u g a r  m o l e c u l e  d u r i n g  
t h e  f o r m a t i o n  of  a f r u c t o s e  c h e l a t e  w a s  d i r e c t l y  d e m o n s t r a t e d  b y  t h e  t i t r a t i o n  c u r v e s  
s h o w n  in  Fig .  ~. 5o m l  of  a s o l u t i o n  o.25 M f ruc tose ,  o . o r  N HC1, a n d  o . o I 2  N in  
e i t h e r  F e  e+ o r  F e  z+ w a s  t i t r a t e d  ".~th o . x I  N N a O H .  I n  o r d e r  t o  be  c e r t a i n  t h a t  no  
i n t e r a c t i o n  of  F e  2+ a n d  F e  3+ w o u l d  i n t e r f e r e  w i t h  t h e  t i t r a t i o n ,  5o m l  of  a t h i r d  
s o l u t i o n  o.~ 5 M f r u c t o s e ,  o.ox N HCI,  o .oo6 N F e  3+ a n d  o .oo6 N F e  ~+ w a s  l ikewise  
t i t r a t e d .  T h e  p H  w a s  d e t e r m i n e d  w i t h  a R a d i o m e t e r  Mode l -22  p H  m e t e r .  T h e  t i t r a t i o n  
c u r v e s  r e v e a l  t h a t  3 H +  a r e  d i r e c t l y  d i s p l a c e d  f r o m  t h e  s u g a r  a n d  t h e  H~O for  e a c h  
F e  a+ i n i t i a l l y  p r e s e n t .  C o m p l e x  f o r m a t i o n  is c o m p l e t e  for  F e  e+ b y  p H  3-5. I n  t h e  
s t u d y  w i t h  F e  ~+, 2 H + a r e  d i s p l a c e d  p e r  i ron .  H o w e v e r ,  c o m p l e x  f o r m a t i o n  does  n o t  
b e g i n  u n t i l  a b o u t  p H  7-5 a n d  is e s s e n t i a l l y  c o m p l e t e  b y  p H  8.5. A t  a l l  t i m e s  b o t h  
sol~xtions w e r e  c lear .  N o  p r e c i p i t a t e  o r  co l lo id  f o r m a t i o n  c~,.dd b e  d e t e c t e d .  T h e  
t i t r a t i o n  c u r v e  for  F e  e+ a n d  F e  ~+ in  t h e  s a m e  s o l u t i o n  i n d i c a t e s  t h a t  t h e r e  is n o  i n t e r -  
f e r ence  b e t w e e n  t h e  o x i d i z e d  a n d  t h e  r e d u c e d  i r o n  ions .  
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Fig. z. Titrat ion curves of Fe s+ and Fe 2÷ sepa- 
rately and together in the presence of excess 
fructose. The initial volume in each case was 
50 ml of a solution o.25 M fructose, o.oI N HCI, 
and (a)o.ot2 M Fe s+, (b) o.oo6M Fe 2+ and 

o.oo6 Fe a+, or (c) o.o12 M Fe ~+ 
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Fig. 3. Redox potential  as a function of pH 
with and without fructose. Initial  solution was 
o.oo6 M Fe a~- and o.oo6 FEZ+; fructose, when 

present, o.25 M. 

P o t e n t i a l  m e a s u r e m e n t s  o v e r  a w i d e  r a n g e  of  p H  w e r e  m a d e  in  a s o l u t i o n  c o n .  
t a i n i n g  o .oo6 M F e  a+ a n d  o .oo6  M F e  2+. T h e  p H  a n d  r e d o x  p o t e n t i a l  w e r e  m e a s u r e d  
s i m u l t a n e o u s l y  u s i n g  t w o  Mode l -22  R a d i o m e t e r s ,  o n e  f i t t e d  w i t h  a g l a s s  e l e c t r o d e ,  
t h e  o t h e r  w i t h  a p l a t i n u m  e l e c t r o d e ,  u s i n g  a s t a n d a r d  c a l o m e l  h a l f  cell.  T h e  i n i t i a l  
p H  of  t h e  s o l u t i o n  w a s  9.o. I t  w a s  r a p i d l y  t i t r a t e d  w i t h  o , Ix  N N a G H .  T h e  v a l u e s  
o b t a i n e d  a r e  p r e s e n t e d  in  F ig .  3- H o w e v e r ,  w h e n  t h e  s a m e  m e a s u r e m e n t s  a r e  m a d e  
in  t h e  p r e s e n c e  of  o .25 M f r u c t o s e  i t  c a n  b e  seen  in  F ig .  3 t h a t  t h e  F e  s+ a n d  F e  s+ a r e  
in  e q u i l i b r i u m  o v e r  a r a n g e  w h i c h  e x t e n d s  t o  p H  t o .  5. T h e  b r e a k  in  t h e  s lope  o f  t h e  
l ine a t  p H  8 .z5  is c a u s e d  b y  t h e  f o r m a t i o n  of  t h e  F e  ~+ c o m p l e x  w i t h  t h e  c o n c o m i t a n t  
l o w e ~ n g  of  t h e  c o n c e n t r a t i o n  of  t h i s  f ree  ion  in  so lu t ion .  T h e  s lope  of  t h e  r e d o x  
p o t e n t i a l  vs. p H  l ine  o f  F ig .  3 is  t h a t  w h i c h  one  w o u l d  f ind  if 3 H +  w e r e  l i b e r a t e d  in  

Biochim, Biophys. Acta. 69 (x963) 3x3-32x 
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t h e  che la t ion  of Fe  a+ b y  f ruc tose ,  a n d  ~ s t l ~ . ~ e t r i c  e v i d e n c e  p r e s e n t e d  
above .  Th i s  s y s t e m  is n o t  f reely r e v e a ~ b t e ~ ~ i s  effects were  obse rved .  
T h e r e f o r e  o n l y  q u a l i t a t i v e  conc lus ions  ~ e ) ~  

A bility of other sugars and polyots to form . , ~ ~ , ' ~ , i ~ , o n  

I n  preliminary_ e x p e r i m e n t s  i t  w~_~-mmidt~la~ta~:exeess  of s u g a r  o v e r  i ron  is 
r e q u i r e d  in  o r d e r  t o  f o r m  s t ab l e  soluble  e , ~ , ~ ~ d ~ J ~ . ,  p H .  A n  e v a l u a t i o n  of t h e  
r e l a t i ve  s e q u e s t e r i n g  ab i l i t i es  of s e v e r a t - ~ ~ ~  po lyo l s  was  o b t a i n e d  as  
follows', so lu t i ons  o . i  M in ferr ic  i ron  ~ . w ~ e e ~ I c ~ g  i n c r e a s i n g  concen-  
t r a t i o n s  of t h e  s u g a r  b e i n g  t e s t e d ,  a r t d ~ e ~ ( ~ t m i ~ w ~ r e  m a d e  a lka l ine ,  as  pre-  
v ious ly  desc r ibed .  T h e  m i n i m u m  c o n c ~ , ~ f s ~ a d e q u a t e  to  p r e v e n t  t h e  
p r e c i p i t a t i o n  of a h y d r o x i d e  ::-~-.~ ±?_k_~_ _ ~ s ~ f i r t t i ~ : ( ) f i l i ~ - s e q u e s t e r i n g  ab i l i ty .  T h e  
r e l a t i v e  s e q u e s t e r i n g  ab i l i t y  of p o l y o l s m i ~ ~ d ~ ~ . l e n t  i ron  was  f o u n d  to  be :  
f ruc tose  > so rb i to l  > g lucose  = g a l a c ~ m e ~ - ~ ~ - :  l ac tose  > sucrose  
f ibose  :> e r y t h r o s e .  

Relative iron aria fmaose concentratzons ; ~ ~ O ~ T c o n ~ t a x  formation 

D u r i n g  t h e  cou r se  of t h e s e  e x p e r i m e ~ t ~ t b b e m m i ~ - ~ e n t  t h a t  n o t  on ly  was  
the  r a t i o  of i ron  t o  suga r ,  b u t  a lso t h e ~ b s 0 t m ~ - o t m ~ n s  of t h e  two,  of cr i t ica l  
i m p o r t a n c e  for  che la t ion .  A n  i n v e s t i g a t i m a t ~ t ~ ) ~ ~ t a t i o n s h i p s  r e s u l t e d  in t h e  
d a t a  p r e s e n t e d  in  Fig.  4- E a c h  p o i n t J r e ~ ~ : ~ c o ~  irfing i ron  a n d  f ruc tose  
a t  t h e  c o n c e n t r a t i o n s  i n d i c a t e d  on t h e  c o o ~ i t l m m ~ . ~ s o l u t i o n  w a s  t i t r a t e d  w i t h  
6 i'! N a O H  f r o m  i t s  o r ig ina l  p H  of 2, t h r ~ u ~ m m m m £ h a m 0 k ~ i n e  cond i t i ons  t o  p H  x 2. 
T h e  t u r b i d i t y  of t h e  so lu t i ons  w a s  o b s e r v ~ t ~ ~ -  

F r u c t o s e  can  s e q u e s t e r  i ron  a t  conemmt~ii~m~.~-~kie~t_h_at of t h e  m e t a l ,  b u t  on ly  
w h e n  t h e  c o n c e n t r a t i o n  of t h e  s u g a r  4s:amm~r.~mmmnE~ The. reg ion  a r o u n d  p H  7, 
w h e r e  p r e c i p i t a t i o n  occurs  w i t h  l ow-suga r :  - ' "- ~ , is of  c o n s i d e r a b l e  in t e res t .  
E v i d e n c e  h a s  b e e n  p r e s e n t e d  a b o v e  t J a a t , ~ _ - . c ~ ~ , f ~  i m m e d i a t e l y  u p o n  t h e  
a d d i t i o n  of i ron  t o  t h e  c a r b o h y d r a t e .  A s ~ ~ s ~ h ~  a~ c o m p l e x  is m a d e  bas ic ,  
t h e  c o m p l e x  will  r e m a i n  in  s o l u t i o n - b e y m i d ~ ~ v ~ ' _ m ~  t h e  u n c o m p l e x e d  m e t a l  
ion w o u l d  o t h e r w i s e  p r e c i p i t a t e  as t h e : h ~ t ~ £ I ~ , b . . = e . i s  ax~ insuff ic ient  a m o u n t  of 
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carbohydrate  present, a precipitate will occur as the solution becomes alkaline. 
Above pH 8 the  precipitate will redissolve and remain in solution up to or past  pH I4. 

The ability or fructose to form complexes with other metal ions 
Solu.~ions were prepared containing I.o M fructose and o.oi M of the following: 

Fe2+, Cu a+. MnZ+, Co ~+, Hi z+. Zn 2+, Ca a+, Sr 2+, Ba  °+, Ni 9~+, and Co ~+. The initially acid 
solutions were gradually increased to pH 12 with I.O N NaOH. The absence of a 
colloidal precipitate in the presence of sugar, as compared to controls with no sugar, 
was taken as quali tat ive evidence for the formation of a complex. Only Cd 2+ did not 
for~  ~ chelate. 

Formation of ferrous-fruc~ose complexes 

Complexes of F ee  + with fructose can be prepared, as indicated above, bu t  only 
at ca rbohydra te ' i ron  ratios approximate ly  double those required for successful 
sequestering of Fe a+. The characteristic color of the complexes of both  Fe a+ and Fe z+ 
reflect the presence of the hydroxyla ted  iron. Fer r ic - f ruc tose  is a deep red-brown, 
while ferrous-fructose is blue-green. Solutions of ferr ic-fructose in the presence of 
excess fructose gradual ly  turn  to a gray-brown color over a period of several weeks. 
Tests of such solutions with dipyridyl  revealed tha t  the Fe 3+ was gradual ly  converted 
to Fe z+. The characteristic p ink color of the fe r rous-d ipyr idy l  complex developed 
more rapidly in acid than  in alkaline solution. I t  is known tha t  oxidation of sugars 
by metal  ions proceeds more rapidly in alkaline solution 13. The apparent ly  anomalous 
redox behavior of the ferr ic-fructose could be caused by the t ighter  binding of the 
metal  at  high pH,  thus removing it from e~ective participation. There was no appreci- 
able photoxidat ion under  normal  laboratory  lighting. 

Ionopho~'etic behavior of the iron complexes 
Paper-ionophoresis experiments  were conducted using W h a t m a n  No. 3 filter- 

paper strips and o. i M buffer at  an applied current  of 2.5 mA, applied voltage 45o V. 
The location of the iron chelates was detec,ed by  spraying the Mr-dried paper  strips 
with acid ferrocyanide. The position of the fructose band  was identified with a re- 
sorcinol spray 14. Since there is buffer movement  by  electro-osmosis, the  free fructose 
zone was taken as the origin to establish the distance which the chelates had  migrated.  
Ferr ic - f ruc tose  was prepared using o.I M FeCI a and 3.z M fructose, and ferr ic-ci trate 
was prepared by  using o.I M FeC13 and o.2 M citric acid. Stable soluble chelates of 
iron with malic and tat tat'it acid were prepared from solutions containing o.2 M 
organic acids and o.x M FeCls. The chelate solutions were adjusted rapidly to the 
desired pH with I N N aO H  i~x-~c, ediately prior to use, mixed with an equal volume 
of the  buffer, and  o.ox ml ~pplied to the  paper  strip. 

At all pH  values tested, the t a r t ra te  and mala te  chelates migrated a t  the same 
rate as the ci trate chelates. By ionophoresis at  various pH ' s  near the pKds  of the 
three buffer systems, acetate, formate and bicarbonate,  it was determined tha t  the 
isoelectric region of ferr ic-fructose is between 4.5 and 4.7. The ferric complex of 
citrate is still negatively charged at  this pH as shown by Fig. 5. 

Isolation and charaaeriza~ion of the ferric-fructose complex 
The ferr ic-fructose complex can be precipi tated from aqueous solution by  the  

~ / ~  Biochim. Biophys. Aaa. 69 (z~3) 3z3-32x 



~ q  P .  J .  C H A R L E Y ,  B.  S A R K A R ,  C. F .  S T I L T ,  P .  S A L T M A N  

: ~ ~ ) 6 e r J a a n o l  to a final concentration of 8o % (v/v). The complex was prepared 
h b ? . ~  .~5 ~ g  2o.o ml of a solution o.I M in FeC1 a and I.O M in fructose to 
~}~ou,~0~r~of ,  absolute ethanol were added, the pH  checked again, and the precipi- 
~_~_efd{m~d~icolIected by centrifugation. The precipitate was redissolved in a small 
~ ~ ~ 6 ~ : V ~ L t e r ,  the pH adjusted again, and this clear solution again made 80 o/ / O  

z ~ n e ~ ~ i  Tim precipitate formed was collected by  centrifugation, washed with 

fer r ic  c i t ra te  f iiii;~ii~ fruct~_s~- 

; .... .-::~-~. i 

"ll I ferr ic fruclbOse i f ruc tose 

O.1 jJ Acetate buffer, I:)H 425 

~1- fear r ic f ruc tose 

I W -I-- ferric c i t ra te  

i 

:i:i!!i!!iiEii!i 
f ruc tose 

i; ~ f ruc tose 

i 
0.1 JJ B i c a r b o n a t e  buffer,  pH 7 0  

F - ~ ,  5- E l e c t r o p h o r c s i s  p a t t e r n s  o f  f e r r i c  c h e l a t e s  a t  p H  4 -5  a n d  7.0.  

T A B L E  I 

. ~ ' ~ l ~ . - 1 3 Y "  ~,V'EIGR'JL" PER CENT OF THE ELEM]EN'r,~[, CO.~,IPOSI'i'ION OF FI/:RRIC--FRUCTOSIg 
[sor.~xagaD; AT p a  9 - 0  AND OF A PROPOSED 3TRrdCTURE OF SUCH A COMPLEX 

C PI 0 ate ,Va fa'=G ~ 

? ~ ' z m z i ~  26 ,  I 3 . 6  4 3 , 5  2 2 , 9  4 . 0  ] o . 5  
[ ~ ~ . b ~ "  27 ,5  4 , 2  4 2 , 8  2 x . 4  4 . 2  r 2 . x  

~ t e m n v e d  b y  d r y i n g  i n h i g h  v a c u u m .  T h e  o x y g e n  v a l u e  g i v e n  d o e s  n o t  i n c l u d c  t h a t  f r o m  
t t t a ~ ~ f D  h y d r a t i o n  

F. " . - ] -  x z O o  H~O 
- C - O . . -  I ~ j  ~ . O - C -  

/ 2 . ~ P e  frO%_ M / 
/ ¢ ; - U  I ~. ~ - I  O " C  / 

I H - C - O H  I t O - - G - I . I  I 

~macessi~t:~ ~gumes of ethanol, acetone, and ether, and dried over PsOv Elemental  
~ ~ ~ 0 ,  ~ ,  Fe, Na  and O, by  difference, was performed after thorough drying 
i ~ l x ,  ms mm~.~'. These values are presented in Table I with  the calculated weigt,t 

" .  " " . h e s  L a b o r a t o r i u m  i m  3 , ' a x  P l a n c k  ! n s t i t u t  f i i r  K o h l e n f o r s c h u n g ,  M u l h e i m ,  a n d  
~ ~ ~ ~ ,  *~Viesbaden ( G e r m a n y ) .  
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per cent values of a hypo the t i ca l .mode l  for the complex. Since ferric---fimt-oo~i_4s 
insoluble in the organic mater ia ls  commonly  used for molecular-weight  f l e t ~ s  
by freezing-point lowering, an aqueous solution, containing 5o.3 mg/ml  ofT~glmtt~-i~ l 
used in the e lemental  analysis,  was prepared  and  i ts  freezing-point l o w e ~  
as o.315 °. If one assumes complete  dissociation of the Na  salt of the  ~ , t - t ~ .  
exper imenta l  value for the mol. wt. is 594- The mol. wt.  calculated for t h e i s t  
s t ruc ture  is 597. 

DISCUSSION 

We have presented evidence t ha t  sugars and  polyols, under  specific ~ s ~ x l i f  
concentra t ion and  of pH~ form stable and  soluble complexes wi th  a w ~ d e - ~ ~ ' ~ x l i f  
metal  ions which would otherwise be insoluble or spar ingly soluble:ia~:ma~lt~sil~.. 
medium.  Large molar  excesses of sugar  to meta l  ion favor chelate f o ~ . Z I F ~ s  
finding explains  the results of BOURNE et aL e, who studied complex fotam~t~n~whi~ 
excess meta l  ions added to small  concentra t ions  of polyol and  sugar .  I t  i ~ ~ ~  
to note t h a t  the complexes they  inves t igated  conta ined molar  r a t i o s  of rmm~l t~,  
chelat ing agent  which var ied from o.35 to lO.75. Their  inabi l i ty  t o - s h o ~ , , : ~  
formation of iron wi th  glucose, and  of cobalt  and  nickel wi th  dulcit01, ~ r r ~ o o L ~ .  
can be a t t r i bu ted  to both  the  rat ios of meta l  to sugar present  and  t o - t h e ~ t ~ ~ ~  
of adding the me ta l  salts to a pH-12 solution of the chelat ing agen t  .WB~-eeflimco~a- 
pet i t ion of hydroxide  ion will p revent  the successful seques te r ing  of~irom,~_ym~m~t 
ligands tor this  metal .  

I t  is very difficult to character ize the  precise chemical  and  physicalpptxtt!~-ti~s 
of the fructose chelates. Pre l iminary  exper iments  employing s p e c t r c q m h ~ c  
techniques  indicate  a value of about  Io -~ for the association c o n s t m a t , o f ~ f 6 o T  
the first hydroxyl  group of fructose. Al though chelat ion and  comple,x~mmdfimao6f 
trace metals  with alcohols and  polyols is often al luded to in the l i teratmee,flf~ ' , i i i  
any,  definitive binding cons tants  are to be found. The chelat ion of i ron iby: .~ommic  
acid has been studied 15, bu t  there  is some unce r t a in ty  with r e s p e c t - t o : t t m ~ ~  
configuration of the complex and  the in te rpre ta t ion  of the t i t ra t ion,  ~ . ~ . 3 t f m h t ~  
more precise measurements  employing techniques  of electron s p i n  , a m k l r m ~  
magnet ic  resonance, magnet ic  susceptibi l i ty ,  crystal  s t ructure ,  etc. a r e ~ . ~ -  
l iminary  spin-resonance studies suggest t h a t  the  two iron a toms are~ intetm "eiit~m~mkl 
thus  reducing the magn i tude  of the  signal. The copper - f ruc tose ,  on : the  ~herhtmm~. 
gives a well defined, specific spectrum.  

We have shown t h a t  these sugar chelates are effective in f a c f l i t a t i n f f : t t m ~ ~  
of iron across the m e m b r a n e  of the intes t ine  mucosal  walPL I t  has l o n g ~ . ~ e t m ~ l  
tha t  d ie ta ry  carbohydra tes  enhance the  accumula t ion  of iron in  , ~ a e i m a t m ~ l  
animals  ~8. Pathological  findings in such animals  mimic in m a n y  w a y s - t h o ~ i ~ m ~ ' z d d  
in the condition of B a n t u  siderosis ~9. The diet of the Ban tu  consistsipi;m~--~"yc~faa 
corn gruel, prepared by  extensive cooking in cast  ir6n pots. Such a ~ ~ s c t ~ m -  
dit ions favorable for the format ion of iron complexes vd*,h carbohydtat~s,x~el~eaathl~ 
food enters  the small  in tes t ine  from the acid env i ronment  of the  s t o m a 0 h : ~  
of the  i r o n -  fructose chelate  does, indeed, enhance  the deposit ion of ir~rtin~fl~e~tlletm 
and  liver of rats. 

The realization t h a t  sugars  or polyols form stable soluble c o m p l e x e s ' ~ ~ l  
ions permits  greater  unders tand ing  of the  mechanism whereby  m e t a l i o a ~ b ~  

Biochim.  Biopk3,s. .~lcta, 6~ ( ¢ 9 ¢ M ! ) 3 ~  ~ 



3 2 0  P. J .  CHARLEY,  B. SARKAR,  C. F. STITT, P. SALTMAN 

the diet is stimulated by such compounds. HERNDON et a l ?  ° demonstrated that  iron 
up,:~t-~ w?~..~b~ncod in rats in the presence of sorbito!. Since sorbitol cannot reduce 
the i~Oh =~ dm t~,LOUS form, these authors postulated that  the polyol either stimulated 
the absorption by an unknown mechanism within the mucosal wall, or was active 
by protecting various substances in the intestinal lumen. FOURNIER et al.  ~I and 
WASSERMAN et al .  ~ showed that  several carbohydrates, as well as certain amino 
acids, enhance calcium uptake from the rat gut. L E N G E M A N N  Ca has recently extended 
these experiments and demonstrated that  preloading the animal with carbohydrates, 
either by feeding or by intubation,  does not stimulate calcium uptake. Lactose or 
glucose, the two sugars tested, must  be present concomitantly with the metal ion 
in the intestine for maximum stimulation. 

The effectiveness of the chelate to facilitate metal-ion transport  is directly related 
to the net charge and molecular size. I.ARSEN et d .  ~4 have demonstrated that  the 
EDTA chelate of iron is poorly absorbed by rats, despite its excellent solubility and 
stability charac¢eristics. The EDTA complex carries a net negative charge in the 
range of pH  encountered in the gastrointestinal tract,  except possibly in the stomach 
and immediately distal to the pyloric valve. High-molecular-weight carbohydrate 
complexes, such as saccharated oxide of iron or iron-dextran,  are poorly absorbed 
from the intestine, whereas low-molecular-weight complexes of iron with fructose 
and other simple sugars described above readily penetrate biological membranes such 
as encountered in the mucosal wall. 
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